Vietnam coast and the offshore spread of cold water are investigated using a suite of new satellite measurements. In summer, as the southwesterly winds impinge on Annam Cordillera-a north-south running mountain range on the east coast of Indochina-a strong wind jet occurs at its southern tip offshore east of Saigon, resulting strong wind curls that are important for ocean upwelling off the coast. In July and August an anticyclonic ocean eddy develops to the southeast advecting the cold coastal water offshore into the open South China Sea (SCS). The center of this cold filament is located consistently north of the wind speed maximum, indicating that open-ocean upwelling helps to cool the ocean surface. Corroborating evidence for the cold filament is found in ocean color observations that reveal a collocated tongue of high chlorophyll concentration. The development of this cold filament disrupts the summer warming of the SCS and causes a pronounced semi-annual cycle in SST. Moreover, the cold filament is an important player in interannual variability in the summer SCS. In 1998, the cold filament and mid-summer cooling never took place, giving rise to a strong basin-wide surface warming. Interannual SST variance has a local maximum over the cold filament, which is much greater than the variance over the adjacent Indian and western Pacific Oceans. A cold filament index is constructed, which displays significant lagged correlation with SST in the eastern equatorial Pacific and Indian Oceans, indicative of a teleconnection from El Nino. 
Introduction
The South China Sea (SCS) is a large semi-enclosed marginal ocean basin with a total area of 3.5 million km 2 and an average depth of over 2000 m (Fig. 1a) . It is connected with the East China Sea to the northeast, the Pacific Ocean and the Sulu Sea to the east, the Java Sea and the Indian Ocean to the southwest. SCS climate is part of the East Asian monsoon system [Wyrtki, 1961; Lau et al., 1998 ]. In this paper, seasons always refer to those for the Northern Hemisphere; summer, for example, refers to June, July and August.
In winter the SCS is dominated by the strong northeasterly monsoon, whereas in summer the winds reverse direction to southwesterly [e.g., Liu and Xie, 1999] . From spring to summer, sea surface temperature (SST) in the SCS does not increase monotonically with solar radiation at the top of the atmosphere, but begins to decrease after the onset of the southwest monsoon, giving rise to a pronounced semi-annual cycle in SST. The present study investigates the mechanism for this basin-scale mid-summer cooling and shows that wind-induced upwelling and other ocean dynamic processes are important.
Previous studies have shown that upwelling takes place off the Vietnamese coast in summer during the southwest monsoon. Wyrtki [1961] is among the first to point out this seasonal upwelling and showed that there is a more than 1 o C drop in SST off Vietnam in summer [see also Huang et al., 1994] . Kuo et al. [2000] observed upwelling along the western coast of the SCS using Advanced Very High Resolution Radiometer (AVHRR) infrared images for the 1996 and 1997 summers, and found that the cold water on the coast extended offshore and evolved into a cold jet stretching eastward along 11 o N-12 o N in the mid-August 1997. Xu et al. [1982] and Ho et al. [2000b] showed that there is a region of relatively low sea surface height (SSH) off South Vietnam indicative of the occurrence of 2 upwelling. This SSH low seems to be consistent with a thermocline dome off South
Vietnam at about 12ºN that was captured by an airborne Expendable Bathythermography (XBT) survey in May 1995 [Chu et al., 1998 ]. Forced by observed winds, several models were able to produce the summer upwelling and SST cooling off the Vietnamese coast [Pohlmann, 1987; Shaw and Chao, 1994] .
In the rest of this paper, we call the eastward extension of cold surface water from the Vietnamese coast the cold filament. Figure 1b shows a 3-day mean SST map in August 1999 that features such a cold filament with minimum SST below 26 o C in the open SCS. Kuo et al. [2000] speculated that the current structure and the cold filament might be related, but without further discussing the mechanism. Surface dynamic height derived from hydrographic measurements and SSH observations by TOPEX/POSEIDON (T/P) satellite altimeter agree that on the basin scale, there is an anticyclonic circulation in summer with maximum SSH located west of Luzon Island [Qu, 2000; Ho et al., 2000b; Yang et al., 2002] , but the regional circulation east of South Vietnam, which is likely to be important for the cold filament, is not well described nor understood. Earlier hydrographic observations suggest stationary eddies there [Xu et al., 1982] , but recent SSH analyses based on in-situ and satellite observations seem to disagree [Qu, 2000; Ho et al., 2000b] .
Large disagreements also exist among ocean general circulation models (GCMs) on regional circulation east of Vietnam [Yang et al., 2002; Wei et al., 2003] , probably because of the differences in wind forcing used. Q. computed the Sverdrup transport function based on several wind products and reported large differences among them especially in the central SCS. The present study attempts at a systematic description of the seasonal evolution of the mid-summer cooling in the SCS and the ocean-atmospheric processes that give rise to this phenomenon. The use of new high-resolution satellite observations that became available only a few years ago is a unique feature of this study. In particular, the Tropical Rain Measuring Mission (TRMM) satellite's microwave imager (TMI) can see through clouds and substantially improve the sampling of SST over cloudy regions like summer SCS [Wentz et al., 2000; Xie et al., 2001] . Blending altimetry measurements made by the co-orbiting European Remote Sensing (ERS) and T/P satellites significantly increases their spatial resolution, making them suitable for studying stationary eddies in SCS. In addition,
we will use high-resolution satellite observations of surface wind and relate the wind forcing with observed circulation and SST distribution in SCS.
SCS SST experiences significant interannual variability in summer that is correlated with eastern Pacific SST at a half-year lag [Ose et al., 1997; W. Wang et al., 2000] . In 1998, for example, the SCS is anomalously warm, making it the warmest summer on record in this region . Given its prominence in the SCS seasonal cycle, does the cold filament play a role in interannual variability on the basin The rest of the paper is organized as follows. Section 2 describes the datasets.
Section 3 presents the seasonal evolution of the coastal upwelling and its eastward extension. Section 4 defines a cold filament index and investigates its correlation with global variability. Section 5 is a summary.
Data
This study analyzes a suite of satellite observations of SST, SSH, sea surface wind, and chlorophyll by several satellite sensors on different platforms. These new satellite observations offer a view of the vast oceans and the overlying atmosphere never possible 5 before, and their combined analyses have led to a burst of air-sea interaction studies [Xie et al., 1998; Wentz et al., 2000; Liu et al., 2000; Chelton et al., 2001a; Hashizume et al., 2001; Xie et al., 2001; Nonaka and Xie, 2003] . Xie [2003] provides a latest review of these new satellite studies.
Using microwave sensors, TMI measures SST and surface wind speed nearly free of cloud influence over the global tropics within 38ºN/S, at resolutions of 0.25º in space and 2~3 days in time [Wentz et al., 2000] . Here we use a monthly product available since December 1997 on a 0.25º grid. We supplement this TMI dataset with a SST climatology on a 9 km grid that is based on AVHRR observations for a 15-year period of 1985-1999 [Armstrong and Vazquez-Cuervo, 2001] . AVHRR complements TMI observations in covering a longer period of time and coastal waters where TMI measurements are contaminated by land microwave emission.
Altimeters on the ERS and T/P satellites measure SSH deviations from its long-term mean at their nadir. There is a tradeoff between spatial and temporal resolution:
T/P has a 10-day repeat orbit with a zonal spacing between ground-tracks of about 3 o at SCS's latitudes, while these numbers are 35 days and 0.7 o for ERS [Chelton et al., 2001b] .
We use a merged SSH dataset that takes advantage of both T/P's high temporal and ERS's high spatial resolutions [Ducet et al., 2000] Reynolds and Smith [1994] analysis available at 1º resolution. We limit our interannual variability analysis to after 1982, the year when satellite infrared SST observations became operational. For surface wind and sea level pressure (SLP), we use the NCEP-NCAR reanalysis on a 1.9º grid [Kalnay et al., 1996] .
For precipitation, we use the monthly precipitation anomalies derived from the Climate Prediction Center Merged Analysis of Precipitation (CMAP) dataset [Xie and Arkin, 1996] , available from 1979.
In general, signals to be discussed are well above measurements errors. We refer to relevant references in the above for satellite-data error analysis. For our analysis, we use several independent measurements, which turn out to yield mutually corroborating and physical consistent results. Such physical consistency gives us confidence in the analysis results.
Seasonal evolution
This section describes the evolution of the ocean-atmosphere system in the summer 7 SCS. We begin with an examination of surface winds, which are key to understanding both SST and ocean circulation.
a. Prevailing winds and land orographic effect
On average, the seasonal transition from the northeast to southwest monsoon occurs in May [Lau et al., 1998 ]. In summer, the southwesterly winds prevail in SCS. [2003] support this orographic-effect hypothesis. In an experiment that removes the mountains on Indochina, the southwesterlies become much more uniform in the meridional direction and the wind jet offshore disappears [H. Xu, 2003, pers. comm.] .
The axis of this wind jet divides the SCS into two parts, with Ekman upwelling and 8 downwelling prevailing in the northern and southern parts, respectively (Fig. 2b ). The rest of this paper demonstrates that this wind jet is very important for SCS ocean circulation, biological activity and regional climate variability.
b. SST and cold filament
The coast of South Vietnam is oriented in a southwest to northeast direction, roughly in parallel with the prevailing southwesterly winds. By the mechanism of coastal upwelling, the alongshore wind can easily pump the cold water from beneath the mixed layer to the surface along the south Vietnam coast (Fig. 3a) . The maximum coastal cooling takes place just east of Saigon, coinciding roughly with the wind speed maximum along the coast. While previous research emphasizes the coastal upwelling induced by alongshore winds that are assumed to be uniform in the offshore direction [Kuo et al, 2000] , high-resolution QuikSCAT observations reveal an intense open-ocean Ekman pumping (>2 m/day) associated with a strong offshore increase in southwesterly winds (Fig. 2b ). This offshore upwelling appears to be important in causing the strongly localized cooling on the coast east of Saigon.
After being initiated in June, the cold water does not just stay on the coast but spreads eastward over most of the central SCS in July and August (Figs. 3b and 3c ). The northeastward oriented cold filament reaches its maximum intensity (minimum temperature) in August, with a larger width in this 15-year AVHRR climatology than in the snapshots of Kuo et al. [2000] because of large temporal variability (Section 4).
Associated with this narrow filament is a basin-wide cooling that progresses from July onward. By August, SST is 0.5 o C or more below that in June over most of the SCS except 9 near the Chinese coast.
c. Role of ocean dynamics
While evaporative cooling induced by the intensifying southwest monsoonal winds is probably important for the basin-scale cooling in the mid-summer [Qu, 2001] [Fang et al., 2002] . The SV Eddy appears to be forced by the Ekman downwelling on the southern flank of the wind jet (Fig. 2b ), but probably not by the simple Sverdrup gyre mechanism.
This anticyclonic eddy seems highly nonlinear, with the maximum surface current velocity amounting to 0.5 m/s on its northern flank based on a geostrophic calculation using this 8-year climatology of SSH. The eddy and its circulation are likely to be even stronger in individual years. The eastward current speed exceeds 1 m/s in a July 1999 ADCP survey (Fig.6 of Fang et al., 2002) . We suggest an analogy to the Great Whirl off the Somali coast that forms under the strong southwest monsoon and involves both strong nonlinear interaction of the eddy with mean flow and coastal orographic effect on surface winds.
[See Schott and McCreary (2001) for a review of Great Whirl research in the Arabian Sea.]
This analogy needs to be tested and further explored in high-resolution numerical models.
The strong northeastward current northwest of the SV Eddy advects the cold coastal water east of Saigon offshore. Indeed, in August, the center of the cold filament roughly coincides with the maximum offshore currents associated with the eddy up to 113 o E (Fig. 4b) . Further to the east, the cold water shows a tendency to spread southward on the eastern flank of the SV Eddy where the eddy flow starts to turn toward the south.
This eddy-advective effect is better seen in the snapshot in Fig. 1b 
e. A conceptual model
Based on the above analysis, we propose a conceptual model for the eastward-extending cold filament. As the southwest monsoonal winds impinge on the mountain range on the east coast of Indochina Peninsula, the orographic blockage accelerates the winds on the southern tip of Annam Cordillera, leading to the formation of a strong wind jet offshore. This wind jet initiates the coastal upwelling and causes the mid-summer cooling on the basin scale by the following mechanisms. First, the Ekman downwelling on the southern flank of the wind jet forces a quasi-stationary anticyclonic eddy in the ocean, which advects the cold coastal water to the east. Offshore, the strong winds cause strong evaporative cooling to sustain the northeastward spread of cold water.
Finally, the open-ocean Ekman upwelling on the northern flank of the wind jet is an additional mechanism for offshore cooling, keeping the SST minimum displaced north of the wind speed maximum. This conceptual model casts the mountain range and its orographic blockage as the ultimate cause of the upwelling cooling both on the coast and in the open SCS. A key element of this conceptual model-the wind forcing of the anticyclonic SV Eddy-is still hypothetical at this stage and requires further study.
Interannual variability a. 1998 warm event
A strong warm event takes place and lasts for the entire year of 1998 [Wang et al. 13 2002] . Figure 5 contrasts SST and wind speed between a normal and this anomalous warm year based on TMI observations. In January 1998, SST along 112 o E is already 2 o C or more above the climatology. The SCS remains abnormally warm and wind speed abnormally weak throughout 1998. In particular, the mid-summer cooling never takes place in 1998. In the 10-14 o N band that normally the summer cold filament occupies, SST continues to increase in summer and peaked in August 1998.
Here we use the 1998 summer event to illustrate the role of the cold filament in regional climate variability. The wind speed decreases by more than half in 1998 summer (Fig. 8b) .
b. Statistic analysis
As the 1998 warm event illustrates, SCS experiences considerable interannual variability in summer. This and the next subsections investigate its time-space structure and relationships with other global-scale variability by systematic statistical analysis. To further study the interannual variability, we define a cold filament index by averaging SST in the high variance region of 10-13 o N, 110-118 o E and for June-August. Figure 10a shows the correlations of CMAP rainfall, reanalysis SLP and surface wind with this index. In a warm SCS event, convection and precipitation tend to be suppressed in the western North Pacific while enhanced over Japan, a teleconnection discussed by Nitta [1987] . There are positive precipitation anomalies over the eastern equatorial Indian Ocean, which Annamalai et al. [2003] suggest are associated with reduced convection over the western Pacific. The reduced northwestern Pacific monsoon rainfall results in a pronounced high-pressure center that strengthens the trade winds equatorward of 15 o N.
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Anomalous northeasterly winds appear in the correlation field in the southern SCS (as can also be seen from ERS observations in more detail in Fig. 10b) .
The SSH correlation field shows a dipole structure, positive in the northern and negative in the southern basin with the nodal line around 11 o N (Fig. 10c) . Figure 11 showed the summer cold filament index, along with the Nino3 SST index in January of the same year. The cold filament index is obviously correlated with ENSO at a half-year lag, with a correlation coefficient of 0.67 that is significant at the 95% level based on a t-test (assuming degree of freedom = 9). The intervals between warm events in SCS are 2-5 years, similar to those of El Nino. (Fig. 10a) . B. propose that the interaction of this atmospheric anticyclonic circulation with the ocean mixed layer is responsible for its long persistence. Our results show that this persistent high pressure of the atmosphere strongly modulates the wind jet in the summer SCS, thereby inducing marked interannual variability there in ocean circulation, SST and plankton activity.
c. Correlation with global variability
The correlation with ENSO of changes in both basin-scale SSH and eddy-kinetic energy has been noted by Ho et al. [2000a] and Hwang and Chen [2000] , respectively.
These studies, however, have not considered the seasonal dependence of SCS interannual variability. Given the strong seasonal cycle that includes the reversal of prevailing winds, analyses based on seasonally stratified data are desirable. For example, the summer SSH-ENSO correlation distribution in Fig. 10b is markedly different from Ho et al.'s [200a] empirical orthogonal function mode of interannual variability in SSH, which is a mixture of winter and summer modes. While the delayed ENSO effect is a major mechanism for SCS variability, rough half of the summer SST variance remains to be explained, resulting possible from other processes such as internal variability of the SCS-western Pacific monsoon.
Summary and discussion
For the past decade, satellite remote sensing technology has been revolutionizing ocean observation, enabling us to make routine and high-resolution measurements of SST, SSH, ocean color and surface winds over the world ocean. Taking advantage of these new satellite observations, we have investigated the seasonal and interannual variations of the SCS and the overlying atmosphere in boreal summer. On climatological mean, cold upwelled water is observed in June on the coast of South Vietnam after the onset of the southwest monsoon. In addition to the classical coastal upwelling mechanism, Ekman-pumping associated with a wind jet offshore seems also important for localizing the upwelling cooling on the coast east of Saigon. The upwelled cold water starts to spread northeastward offshore in July and August, forming a cold filament and causing a basin-wide mid-summer cooling. An anticyclonic circulation is found in the 8-year satellite climatology of SSH off the coast of South Vietnam, which is critical to the cold filament 19 formation by advecting the cold coastal water offshore with its strong geostrophic currents.
Satellite ocean-color observations corroborate the advective effect of this stationary SV Eddy and wind-induced offshore upwelling, revealing a high-chlorophyll tongue that heads offshore into the deep water and is roughly collocated with the cold filament.
We have proposed a conceptual model that traces the cause of the SCS cold filament to orographic effects of Annam Cordillera. Under the background southwest monsoon in summer, the blockage by these mountains gives rise to a wind jet offshore southeast of Saigon. In addition to the evaporative cooling effect, this wind jet helps maintain the cold filament by inducing offshore upwelling on its northern flank. We also suggest that the Ekman downwelling on the southern flank of this wind jet forces the anticyclonic SV Eddy that advects cold coastal water offshore to form the cold filament.
Interannual SST variance in summer shows a marked local maximum in the central A major international field experiment took place over the SCS in summer 1998 that obtained comprehensive observations of the ocean and atmosphere [Lau et al., 2000] .
The summer of 1998, however, turns out to be rather abnormal for SCS, featuring a major warm event in the region following a strong El Nino as is described here and elsewhere.
Our results call for future field campaigns to be conducted in a normal or cold year, targeting at a number of key processes to the mid-summer cooling identified here, including the mountain blockage effect, offshore wind jet, SV Eddy, cold filament and high-nutrient tongue in the central SCS. 
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